Climate variability on decadal time scales is generally recognized to influence high-latitude marine populations. Our recent work in studying air-sea interactions in the Bering Sea suggests that interannual to decadal climate variability is important through its modulation of the frequencies and magnitudes of weather events on intraseasonal time scales. We hypothesize that it is these weather events that directly impact the marine ecosystem of the Bering Sea shelf. The linkages between the event-scale weather and the ecosystem are illustrated with three examples: walleye pollock (Theragra chalcogramma), Tanner crabs (Chionoecetes bairdi), and coccolithophorid phytoplankton (Emiliania huxleyi). We hypothesize that the strong recruitment of walleye pollock that occurred in 1978, 1982, and 1996 can be attributed in part due to the seasonably strong storms that occurred in the early summer of those years. These storms caused greater than normal mixing of nutrients into the euphotic zone which presumably led to sustained primary productivity after the spring bloom and, possibly, enhanced prey concentrations for pollock larvae and their competitors. Recruitment of Tanner crab was particularly strong for the 1981 and 1984 year-classes. These years had periods of prominent east wind anomalies along the Alaska Peninsula during the previous winter. Such winds promote flow through Unimak Pass, and hence an enhanced flux of nutrient-rich water onto the shelf. This mechanism may have ultimately resulted in favorable feeding conditions for Tanner crab larvae. Finally, an unprecedented coccolithophorid bloom occurred over the Bering Sea shelf in the summer of 1997. This summer featured lighter winds and greater insolation than usual after a spring that included a very strong May storm. This combination brought about a warm, nutrient-poor upper mixed layer by mid-summer. This provided a competitive advantage for coccolithophorid phytoplankton in 1997 and to a lesser extent in 1998. Unusually high concentrations of coccolithophores persisted for the following two years although physical environmental conditions did not remain favorable. While slow variations in the overall aspects of the physical environment may be important for setting the stage, we propose that the significant multi-year adjustments in the marine ecosystem of the Bering Sea shelf are more directly caused by major air-sea interaction events on intraseasonal time scales.
INTRODUCTION
Much of the previous work on the impacts of climate variability on marine ecosystems of the North Pacific (e.g. Hare and Mantua, 2000; Hunt et al., 2002) stress the idea of regimes. Within a regime, particular types of physical environmental conditions tend to persist on decadal time scales. This paradigm appears to explain a substantial portion of the variability in various biological populations.
Our scrutiny of the weather of the Bering Sea (Bond et al., 1994; Bond and Adams, 2002) and the Gulf of Alaska (Stabeno et al., 2004) has motivated us to pursue a different, complementary tack. We are struck by the wide range of time scales of the fluctuations in the weather, in particular the vigor of intraseasonal (weekly to monthly) to interannual variability relative to decadal fluctuations. The Bering Sea is prone to atmospheric variability on shorter time scales because it is influenced by a host of climate modes, including those concentrated in the North Pacific (notably the Pacific North American pattern or PNA; Wallace and Gutzler, 1981 ; the Pacific Decadal Oscillation or PDO; Mantua et al., 1997) and in the Arctic (the Arctic Oscillation or AO; Thompson and Wallace, 1998; Overland et al., 1999) . Our objective in this study is to examine possible effects of intraseasonal to interannual weather variability on particular species of the Bering Sea shelf marine ecosystem with different life histories. We stress the importance of major intraseasonal weather events in the creation of competitive advantages that result in rapid population increases of particular species. Unlike many climate studies, our analysis includes consideration of not just winter variability, but also that of spring and summer, as these latter periods are often crucial to the marine ecosystem.
In our study, estimates of recruitment or abundance have been used to identify extraordinary year-class successes of three particular species, in three different guilds, and to examine whether these successes can be plausibly related to physical environmental factors impacting the target species. We assess physical factors in a manner similar to that of Bond and Adams (2002) , using both daily data for specific periods and seasonal averages for the 40-yr historical record. The time series are used to make plausible inferences about biological responses to physical effects. This is an appropriate approach for the eastern Bering Sea, because understanding of population dynamics is limited by the lack of fundamental knowledge and sufficiently complete data sets.
The organizing hypothesis of our study is that the Bering Sea shelf ecosystem undergoes major adjustments less due to multi-year aspects of climate variability and more due to shorter fluctuations in the atmosphereocean system. Central to this hypothesis is the concept that the primary impacts of climate regime shifts accrue from changes in the frequency distribution of extreme weather events. It has also been previously noted that the Bering Sea shelf ecosystem responded rapidly to anomalous atmospheric forcing that occurred in the warm season of 1997 (Napp and Hunt, 2001 ). Here we show that 1997 is not unique, and that in general, the anomalous atmospheric forcing of the ecosystem is manifested by events on intraseasonal time scales.
DATA SETS AND METHODS
Analysis of air-sea interactions over the Bering Sea shelf (Fig. 1 ) is based on a 40-yr record of atmospheric variables from the NCEP/NCAR Reanalysis data set (Kalnay et al., 1996) . This data set was produced using a state-of-the-art numerical weather prediction (NWP) model and data assimilation system incorporating available surface, upper-air and satellite-based observations. The temporal and spatial consistency in the procedure used for the Reanalysis makes it wellsuited for studying climate variability from short-term to decadal timescales. Atmospheric parameters such as winds and fluxes are available four times daily; the sea surface temperature (SST) is resolved at monthly (pre-1982) to weekly (post-1982) time scales. There are two classes of output fields: (1) prognostic variables which are closely constrained by observations, e.g. wind and pressure, and (2) diagnostic variables, which are not directly observed but derived from the general circulation model used in the data assimilation, e.g. radiative heat fluxes. The diagnostic variables are prone to greater errors, but various studies (e.g. Yang et al., 1999; Adams et al., 2000) indicate that a large fraction of these errors are due to systematic biases. These types of biases tend to be removed in calculations of anomalies, i.e. only non-linear aspects of systematic errors will be retained, and hence have minimal impacts on evaluations of anomalies.
The quality of the Reanalysis data in the Bering Sea has been directly evaluated using measurements collected by moored buoys on the Bering Sea shelf (Ladd and Bond, 2002) . These measurements were not assimilated in Reanalysis, and hence represent an independent data set for validation. The synthetic winds from the Reanalysis appear to accurately characterize the actual winds, both in terms of speed and direction. Complex correlation coefficients between the measured and synthetic winds were typically about 0.9, and systematic biases in speed ($5%) and direction ($10°) were minimal. The quality of the winds from the Reanalysis was not as high for a buoy moored near the western end of the Alaska Peninsula, apparently due to the coarse resolution of the Reanalysis and hence its inability to fully account for the effects of the mountains of the Alaska Peninsula. The present analysis also considers the variability in the heating due to downward shortwave radiation (insolation) over the Bering Sea shelf, and in this respect the Reanalysis includes significant error. Specifically, the Reanalysis overestimates the insolation by 70-80 W m )2 during the summer over the shelf. Ladd and Bond (2002) suggest that this error is due in large part to improper account of low stratus clouds and sea fog in relatively calm, fair-weather situations. At any rate, this error appears to be more-or-less systematic, and should not greatly impact estimations of year-to-year differences in solar heating of the water column.
Our analysis uses published results on variability of marine species of the Bering Sea shelf. We explore linkages between the biology and the physics that have been either hypothesized previously, or are based on our own understanding of biophysical interactions at crucial stages in the lifecycles. Our technique involves comparing yearly time series of recruitment or abundance with seasonal averages of physical effects, and showing how these seasonal averages relate to intraseasonal weather events.
SELECTED EXAMPLES OF SHORT-TERM RESPONSE TO PHYSICAL FORCING IN THE BERING SEA SHELF ECOSYSTEM
It is important to recognize that the anomalous forcing for a season can generally be attributed to relatively short (on the order of a few days) weather events, and usually there are just a handful of such events. In the examples illustrated below, the difference between a windy and a calm summer are less than 10-20 days of enhanced winds. Similarly, anomalous heating during the summer, or cooling during the winter, generally is associated with unusual weather patterns that occur over a relatively small fraction of any particular season. Because these types of events appear to dominate the net interannual variability in the physical oceanography, they should also have substantial impacts on the biology.
Walleye pollock (Theragra chalcogramma)
The recruitment of eastern Bering Sea walleye pollock (Ianelli et al., 2001) varies substantially from year to year (Fig. 2) . Our objective is to illustrate how this time series might be linked to the episodic nature of the atmospheric forcing of the Bering Sea. In making this linkage, we consider a previously explored mechanism related to the winter weather and specifically the 'cold pool' of the Bering Sea shelf (e.g. Wyllie-Echeverria and Wooster, 1998) , and a more novel mechanism related to summer weather, specifically the magnitude of wind mixing. Pollock recruitment appears to be reduced during years with an enhanced 'cold pool' over the Bering Sea shelf. The cold pool is a lower layer of water below about 2°C that forms in the marginal ice zone in winter, and persists through spring into summer when insulated from the seasonal heating of the upper mixed layer. The extent of the cold pool appears to be dependent on the coverage and duration of sea ice in winter. A proxy for this ice coverage is represented by the mean surface temperature at Mooring 2 (57°N, 164°W; see Fig. 1 ) for January through March (Bond and Adams, 2002) ; a time series of this winter index is shown in Fig. 2 . As shown in Bond and Adams (2002) , cold winters on the whole, such as 1995 and 1997, are caused by a few short-lived arctic-air outbreaks. Figure 2 indicates that there was a marked tendency for heavy ice/cold winters in the early to mid-1970s, as compared with the light ice/warm winters in the late 1970s and 1980s. The preference for warmer winters and hence smaller cold pools in the latter period essentially provided a greater area of suitable habitat for larval and juvenile pollock (Wyllie-Echeverria and Wooster, 1998) . This concept helps explain the dearth of high pollock recruitment years prior to the North Pacific climate regime shift of 1976-77. But the yearto-year variability in pollock recruitment after the regime shift appears little related to the severity of the corresponding winters.
After the regime shift, years with high recruitment tend to coincide with years of anomalously strong wind mixing in early summer (Fig. 2) . The connection plausibly involves the following processes: enhanced wind mixing at this time of year causes stronger entrainment at the base of the mixed layer (C. Ladd, personal communication), a more sustained supply of nutrients to the euphotic zone (Sambrotto et al., 1986; Whitledge et al., 1986) , higher rates of primary productivity and, ultimately, greater availability of preferred prey (e.g. copepod nauplii) of larval pollock after the usual spring bloom.
Because 1978 was the year of record pollock recruitment, and since the winters of 1977 and 1979 were also very warm but lacked high recruitment, it is worthwhile to examine the warm season of this period in some detail. Critical aspects of the air-sea interaction over the shelf in 1978 at the location of Mooring 2 are illustrated in Fig. 3 . The SST anomaly actually declined from a value of approximately 2°C above normal on 1 May to near normal from mid-July through September (top panel). Much of this decline is associated with greater than normal wind mixing (u 3 Ã ) in late June and early July (middle panel), and hence a greater than usual rate of mixing of cold water from below the thermocline, and negative net heat flux anomalies in June (bottom panel). By way of contrast, similar time series for 1979 are shown in Fig. 4 . This year lacked prominent storms in June and July, and the net heat fluxes averaged slightly above normal. Consequently, the SST anomalies in 1979
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While four out of the five years with the greatest pollock recruitment since 1977 have included a windy summer (1989 was the exception), there are additional physical mechanisms that potentially influence pollock recruitment. For example, variations in crossshelf transport during spring (April through June) appear to be related to recruitment (Wespestad et al., 2000) . With regards to the conditions in spring, Bailey et al. (1986) postulated that weak wind mixing and anomalously warm near surface temperatures during March through May of 1978 promoted zooplankton development and hence relatively high prey concentrations for larval pollock in spring of that year. For both these examples, just as for winter ice or summer mixing, the presence or lack of strong forcing events is crucial.
Our analysis related to walleye pollock yields two important points: substantial subseasonal atmospheric variability occurs throughout the year in the eastern Bering Sea, and episodic weather phenomena tend to dominate the net atmospheric forcing in any one season. Our examination of the historical record also suggests the hypothesis that the co-occurrence of warm winters and windy summers favors high pollock recruitment.
Tanner crabs (Chionoecetes bairdi)
The early 1980s represented a favorable period for young Tanner crabs over the south-east Bering Sea shelf, as documented by Rosenkranz et al. (2001) . They argued that the relatively high recruitment is likely to be attributable to northeast wind anomalies during the spring, and hence enhanced offshore directed Ekman transport on the north side of the Alaska Peninsula. Transports of this sense should favor Tanner crabs in two ways: by advecting larvae into suitable habitats featuring fine sediments, and by increasing coastal upwelling and hence the overall productivity of the southern portion of the shelf. Their time series show that Tanner crab recruitment was particularly high for the 1981 and 1984 year-classes. We seek to determine whether there were aspects of the physical environment that are especially notable for those years. The tacit assumption is that the variability in mortality is greatest during Tanner crabs' first spring and summer, and that their feeding conditions at that time strongly determine year-class strength. In Figure 4 . As in Fig. 1, but for 1979. analysis of the physical control of these feeding conditions, we do not restrict ourselves to just spring and early summer, but instead also consider preceding winters. In particular, we expect that wintertime airsea interactions may be important to the benthic community of the southern Bering Sea shelf through modulation of the transport through Unimak Pass at the end of the Alaska Peninsula (Fig. 1) .
Unimak Pass may represent a primary source of new nutrients for the Bering Sea shelf. The flow through Unimak Pass tends to be northward, and a portion of this flow advects eastward onto the shelf. The water in the Pass is relatively rich in nutrients due to tidal mixing of deep water out of Bering Canyon . The flux of nutrients through Unimak Pass may be important because about one-half of the nitrogen supporting the ecosystem of the shelf appears to be replenished each year . Enhanced northward transport through Unimak Pass occurs during times of easterly wind anomalies along the Alaska Peninsula. Winds of this sense tend to constrain the Alaskan Coastal Current (ACC) against the shelf break on the south side of the Alaska Peninsula, which in turn leads to greater flow through Unimak Pass (Schumacher et al., 1982) , as observed by Stabeno et al. (2002) and modeled by Nof and Im (1985) .
Our objective is to examine the character of the wind forcing of transport through Unimak Pass, and whether the variability in these winds is plausibly related to interannual variability in Tanner crab recruitment during the early 1980s. As in the previous section, this analysis includes illustration of the dayto-day forcing in selected individual years, and seasonal composites for the entire record.
Time series of daily along-peninsula wind stresses at Unimak Pass (54°N, 165°W) for November through June of 1981-84 are shown in Fig. 7 . Note that the day-to-day variability is generally much greater in the cool season than after April. If the transport of nutrients through Unimak Pass is indeed an important factor for nutrient concentrations over the shelf north of the Pass, then it is reasonable that variability in winter is paramount. These time series also show that winter winds are highly episodic, but with somewhat longer time scales than individual storms. Notable wind stress anomalies tend to last roughly a week or two, for example, the two intense easterly events of December 1980 (Fig. 7, top panel) , and anomalies of a particular sense rarely last longer than a month.
Seasonal averages of the components of the atmospheric forcing hypothesized to impact the recruitment of Tanner crabs are plotted in Fig. 8 . This plot includes three sets of parameters: (1) the mean along-Peninsula wind stress at 54°N, 165°W for May-June and November-April (bottom panel), (2) the mean January-March surface temperature at Mooring 2 (top panel) because this parameter relates to bottom temperatures in the following warm season which in turn impacts gonadal development and timing of mating and ultimately the development of viable embryos (Rosenkranz et al., 2001) , and (3) the January-March cross-shelf wind stress and net surface heat flux at Mooring 2 (middle panel) because of their relationship to near-surface flow and sea ice, respectively. These time series reveal that 1981 and 1984 are distinguished by the occurrence of relatively large wind stresses from the east-north-east (negative values in Fig. 8 , bottom panel) in both winter (November-April) and spring (May-June). Therefore, those years featured not only enhanced upwelling in spring, but also enhanced forcing of northward transport through Unimak Pass in winter. The along-Peninsula winds were relatively unfavorable in 1982, and indeed relatively poor recruitment has been diagnosed for that year as compared with the early 1980s in general. The period of 1977-87 included warmer than normal winters, which as mentioned above, promotes development of Tanner crab embryos. While 1992 had favorable along-Peninsula winds in winter and spring, by the measure used here it represented the sixth coldest winter since 1959. Hence while feeding conditions might have been good, the number of embryos was probably low, and hence 1992 would not be expected to have had a strong year-class of Tanner crabs. It is interesting to note that recent winters (late 1990s to 2001), as compared with the long-term climatological mean, have included cross-shelf winds to be directed more onshore and, for net surface heat fluxes to cause less cooling, both of which promote less sea ice and warmer bottom temperatures. Of these years, the along-Peninsula winds for winter and spring combined appear to be most advantageous for Tanner crabs hatched in 2000.
The winter and spring/summer winds along the Alaska Peninsula impact the water properties over the shelf north of the Peninsula in different ways. As the water column is well-mixed in the winter due to the seasonal cooling and vigorous winds, an important impact of the wind variability at this time of year is to modulate the transport through Unimak Pass and ultimately, the horizontal flux of nutrients onto the shelf. During late spring and summer, the water column becomes more stratified, coastal upwelling becomes a more important process, and hence the wind variability may be more instrumental in modulating the vertical flux of nutrients. If the water north of the Alaska Peninsula is only weakly replenished subsequent to the previous warm season's draw down of nutrients, the column-averaged nutrient levels going into the warm season should tend to be low, to the detriment of the overall primary productivity even in years of upwelling-favorable winds. It is interesting that the two best years for Tanner crabs, 1981 and 1984, included pollock recruitment that was well-below average and slightly higher than average, respectively ( Fig. 2 ; Ianelli et al., 2001) . One possible explanation for the discrepancy in success is that the bulk of the age-0 pollock larvae over the southeast Bering Sea shelf are well north of the Alaska Peninsula in early summer (Bailey et al., 1999) . We expect that it is primarily the region within roughly 100-200 km north of the Peninsula that responds to interannual variations in the flow through Unimak Pass.
In summary, while overall biophysical conditions were relatively favorable for Tanner crabs in the early 1980s, larval survival seems to have been particularly good in 1981 and 1984. Those were the only two years from the late 1970s through the 1980s during which winter and spring wind anomalies promoted both flow through Unimak Pass and coastal upwelling on the north side of the Alaska Peninsula. It bears emphasizing that these wind anomalies for the season were actually associated with a few, prominent events lasting on the order of a week to a month.
Coccolithophorid phytoplankton (Emiliania huxleyi)
The first documented bloom of a coccolithophorid phytoplankton (Emiliania huxleyi) occurred over the Bering Sea shelf in the summer of 1997 (Vance et al., 1998) . Previous studies (notably Napp and Hunt, 2001; Stockwell et al., 2001) have considered the conditions that occurred in 1997 that seem to have favored this species. There appear to have been two key aspects of the weather that year. First, a prominent storm occurred in middle to late May. This storm was unusual for its strength (20 m s )1 wind speeds) and duration (2-3 days) for the season. It caused vigorous vertical mixing over the shelf and served to stimulate a bloom after an ice-edge bloom earlier in the spring. The net effect of the storm was to help strip the nitrate and silicate from the water column below the thermocline over the Middle and Inner Shelf Domains (Stockwell ) at Unimak Pass (54°N, 165°W) for November through June of 1980-81, 1981-82, 1982-83 and 1983-84 . Positive values imply winds from the west. The dotted lines represent climatological means (1959-99). et al., 2001) . Secondly, the weather following the May storm was unusually calm and sunny (Overland et al., 2001) . These conditions promoted the development of a relatively warm and shallow mixed layer and, perhaps more importantly, an anomalously large temperature difference across the thermocline, from June to August (Stabeno et al., 2001) . Therefore the summer of 1997 featured both suppressed vertical mixing across the thermocline, and reduced nutrient levels in that water that was mixed up from below (e.g. Stockwell et al., 2001) , and consequently, extremely low nutrient concentrations in the upper mixed layer over the shelf. The warm, nutrient-poor mixed layer appears to have provided Emiliania huxleyi a competitive advantage versus other members of the phytoplankton community such as diatoms.
Our objective is to inspect the day-to-day weather that occurred during the spring and summer of 1997 in a manner similar to that in the previous two sections, but considering somewhat different air-sea interaction parameters. Specifically, time series of daily averaged values of the net surface heat flux, the downward short wave irradiance (insolation), and wind mixing (u 3 Ã ) during 1997 are shown in Fig. 9 . These time series show anomalous solar heating of the water column at a rate of roughly 50 W m )2 from late May into early July. This component dominated both the mean and dayto-day variations in the net heating. The time series also reveal that this anomalous heating was interrupted once a week or so by a day or two of anomalous cooling. The point to be made here involves a hierarchy of time scales. The actual anomalous warming events occurred on time scales of typically 4-7 days, and these events were favored during a period lasting about 2 months. Yet these events were sufficient to produce a quite unusual summer over the Bering Sea shelf.
The extent to which 1997 was unusual can be gauged through consideration of the 40-yr historical record. Here we consider both the spring and early summer, since it is expected that it was their combined effects that led to the prominent coccolithophorid bloom. The parameters considered (Fig. 10) are May and June-July wind mixing (bottom panel), June-July net surface heat fluxes and June-July heating below the mixed layer (middle panel), and June 1 SST and June-July SST tendency (top panel). The heating below the mixed layer (middle panel of Fig. 10 ) is estimated to be the amount of the net surface heating remaining after warming 20 m of water (a typical depth of the mixed layer) at the rate of the change in SST. This estimate neglects horizontal temperature advection and variations in mixed layer depth; the neglect of these factors is justified in estimating the heating below the mixed layer on the basis of Reed and Stabeno (2002) and Stabeno et al. (2001) , respectively. Essentially, the greater the difference between estimated heating below the mixed layer and the net surface heat fluxes, the greater the thermal stabilization at the thermocline. While the static stability of the water column is also dependent on the vertical profile of salinity, by the end of summer the year-to-year variability in stratification is largely controlled by the temperature profile (Stabeno et al., 2001; their Fig. 7b ). At first glance, the year of 1997 ) and wind mixing in June-July (dotted line, m 3 s )3
).
may not seem to stand out in the time series plotted in Fig. 10 . Further scrutiny reveals that the June-July wind mixing was the lowest overall on record, and that these calm conditions followed the second windiest May, on average, since the mid-1960s. In addition, the June-July heating at the surface was more than usual while the heating below the mixed layer was less than usual. While neither anomaly was extreme, the key aspect here may be that their difference was the second largest in the record, only exceeded by that found for 1991. Finally, not only was the June-July SST tendency well above average in 1997, i.e. the thirdhighest on record, due to anomalous heating and calm winds, but, as revealed by the SST time series for June 1, it started off warmer than normal. Previous years with warmer than normal SSTs on June 1 tended to also include weak-to-average rates of SST warming for the following two months. It is interesting to note that the closest analog to 1997 was 1998. The continuation of warm conditions in the Bering Sea, and implied anomalous upper ocean stratification during the summertime, presumably served to further establish the coccolithophores in the marine ecosystem of the Bering Sea shelf. Large patches of high concentrations of coccolithophores continued to be found from 1999 through 2000 (J. Napp, Alaska Fisheries Science Center, Seattle, WA, USA, personal communication), although summertime conditions were not that advantageous. The persistence of the coccolithophorid bloom has been attributed to reduced microzooplankton grazing rates (Olson and Strom, 2002) .
DISCUSSION
The purpose of this article is to suggest the importance of major short-term (intraseasonal) weather events to longer time-scale ecosystem variations on the Bering Sea shelf. We hasten to add that multi-year climate variations are still important directly through their impact on gyre-scale ocean circulations, and indirectly and perhaps most significantly through their influences on probability density functions (PDFs) of shorterterm weather phenomena. An example of this type is the effects of the PDO on arctic-air outbreaks that were favored during the 1960s and early 1970s, and suppressed during the late 1970s and 1980s, with impacts on sea-ice coverage and, ultimately, walleye pollock. We recognize that our analysis is heuristic and inferential, in that it links causes and effects without strong in situ evidence of biological aspects of these linkages. While the hypotheses concerning biophysical interactions may be incomplete, aspects of the intraseasonal weather variability are significant and, in particular situations, seem to be crucial to the ecosystem of the Bering Sea shelf. Our results raise specific questions related to biophysical mechanisms involving the three target species. With regard to walleye pollock, it is uncertain whether they are actually food limited in the larval stage. Napp et al. (1998) indicate that the linkages between primary production, secondary production, and larval condition is anything but straightforward. Addressing this issue more completely would require improved knowledge of the timing of primary production as a function of depth and its effects on elements of the zooplankton assemblage preferred by pollock . Concerning Tanner crabs, there exists only primitive understanding of the fate of the water transported northward through Unimak Pass, especially in winter, and its interactions with the Aleutian North Slope Current (ANSC). In other words, our speculations concern not just biophysical mechanisms, but also the basic physical oceanography in the region of interest. The coccolithophorid bloom of 1997 was truly remarkable. While the weather that late spring and summer was highly unusual, at least similar temperature, stratification, and nutrient profiles are expected to have occurred in the past. It is unclear the extent to which the bloom can be attributed to these profiles exceeding a threshold or because of additional biological factors. We hope our analysis encourages the fisheries oceanography community to further investigate these and related issues.
Progress warrants using a hierarchy of physical ocean models to examine local and large-scale air-sea interactions, and numerical and conceptual biophysical models to elucidate specific mechanisms. These studies should help indicate the sensitivities in the variety of linkages between the physical environment and the ecosystem. Our analysis indicates that some critical biophysical processes occur over short time scales and, presumably, on small spatial scales.
An important implication of our paradigm involving the importance of episodic weather events relates to the predictability of the marine ecosystem. Deterministic weather forecasts are viable out to roughly 10 days based on NWP models. Much less skillful, but still useful, outlooks for seasons as a whole are produced using statistical and NWP tools to account for the probable influences of slow-changing boundary conditions (e.g. SST and snow/ice cover). Intraseasonal (weekly to monthly) variability falls between those two ranges. The weather on these time scales is stochastic, and its predictability is limited. In the foreseeable future there may be the capability to anticipate changes in the PDFs of extreme intraseasonal events, but it is unlikely that these events will be explicitly predicted with long lead times. Assuming intraseasonal aspects of the atmospheric forcing are critical to the marine ecosystem, the predictability of adjustments or shifts in the ecosystem will be limited to changes in the probability of these adjustments, rather than specific forecasts in time and place.
On the contrary, there are benefits, once the linkages between the physical forcing and the biological response are sufficiently understood. Through monitoring of key aspects of the marine ecosystem of the shelf, we may eventually be able to deduce significant changes or trends in near real time, and not be constrained to wait years to decide whether a decadalscale 'regime shift' has occurred.
